In this paper the excited state proton transfer (ESPT) of isolated 3-hydroxychromone (3-HC), the prototype of the flavonols, is investigated for the first time by combined IR/UV spectroscopy in molecular beam experiments. The IR/UV investigations are performed both for the electronically excited and electronic ground state indicating a spectral overlap of transitions of the 3-HC monomer and clusters with water in the electronic ground state, whereas in the excited state only the IR frequencies of the proton-transferred monomer structure are observed. Due to the loss of isomer and species selectivity with respect to the UV excitations IR/IR techniques are applied in order to figure out the assignment of the vibrational transitions in the S 0 state. In this context the quadruple resonance IR/UV/IR/UV technique (originally developed to distinguish different isomers in the electronically excited state) could be applied to identify the OH stretching vibration of the monomer in the electronic ground state. In agreement with calculations the OH stretching frequency differs significantly from the corresponding values of substituted hydroxychromones.
I Introduction
The transfer of a proton after electronic excitation (excited state proton transfer, ESPT) is an intensively investigated phenomenon due to its importance in a variety of photochemical and biological processes (cf. ref. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . It e.g. plays an important role in the photoprotective mechanism of flavonoids, which are plant secondary metabolites. Here it serves to protect the plants against UV-B radiation. 2, 10, 11 Within an ESPT molecule a proton-donor and a proton-acceptor group must be present. Frequently these groups already interact in the electronic ground state via e.g. hydrogen bonds. Typical arrangements are the proton transfer of a hydroxyl to a keto group, 8, [13] [14] [15] between a hydroxyl group and an imine group, 16, 17 from an amine to a keto functionality 1 and between an amine and an imine functionality. 18 3-HC drawn in Fig. 1 represents the basic structure of the flavonols, a subgroup of the antioxidative and photoprotective flavonoids. After electronic excitation of the normal form (N) into a (mostly) short-lived electronically excited state (N*) the proton migration transfers the system into the tautomeric, electronically excited structure (T*). After relaxation (e.g. via fluorescence) into the tautomeric ground state T the back proton transfer regenerates the originally existing N form in the electronic ground state so that the photocycle is closed. This typical ESPT scheme is sketched in Fig. S1 of the ESI. † An intensively studied representative of the class of flavonols is 3-hydroxyflavone (3-HF) which undergoes a keto-enol tautomerism after p-p* excitation. Investigations have been performed in solution, different matrices (e.g. ref. [19] [20] [21] [22] [23] [24] [25] [26] and supersonic expansions. [27] [28] [29] [30] Furthermore a variety of theoretical investigations have been performed. [31] [32] [33] [34] [35] [36] [37] [38] [39] The direct structural proof for the ESPT of isolated 3-HF in the gas phase was given by our group by applying structure sensitive combined IR/UV methods (IR/R2PI for the S 0 state and UV/IR/UV for the S 1 state) under isolated molecular beam conditions. 30 In comparison to the calculated vibrational frequencies of different (TD)-DFT optimised structures the presence of the tautomeric form in the electronically excited state could be demonstrated not only for 3-HF but also for 2-(2-naphthyl)-3-hydroxychromone (2-NHC), a derivative, differing in the naphthyl substituent on the chromone moiety. 30 Beyond this, in the isolated 3-HF(H 2 O) 2 cluster for the first time a proton wire was analysed in the electronically excited state by an IR/UV method. 29 The ongoing discussion in the literature about the existence of an energy barrier for the PT (cf. e.g. ref. 21, 26, 28, 34 and 40-43) , arising either from the required coplanarity of the phenyl ring with the chromone moiety (cf. e.g. ref. 21 and 40) or from the OH bending mode modulating the proton transfer distance, 44 leads us to the investigation of 3-hydroxychromone (3-HC) as the basic structure. For 3-HC the PT coordinate should be easier to describe since no further aromatic substituent exists. In former studies the ESPT for 3-HC was investigated by fluorescence spectroscopy in solution 40, [45] [46] [47] or in a 10 K argon matrix. 23, 24, 48 These studies mainly revealed the ESPT in 3-HC to be faster than in the case of 3-HF and the electronically excited 3-HC tautomer to be longer-lived. 40 The only molecular beam investigation on 3-HC, in which the formation of water clusters was assumed to be unlikely, is a comparative fluorescence study with 3-HF and 2-NHC. 28, 49 The low frequency vibrations in the fluorescence excitation spectra of 3-HF and 2-NHC, which were absent for 3-HC, could be assigned to the torsional movement of the phenyl or naphthyl residue, respectively. Since the activation barrier for the ESPT depends on this movement the ESPT rate increases with a decrease in the size of the substituent on the g-pyron ring which means that 3-HC shows the fastest proton transfer (k 3-HC = ). However, new fs-UV/VIS and IR investigations in different solvents argue the converse. Here the comparison of experimental data in apolar organic and polar partially protic solvents and quantum chemical calculations suggest the involvement of a trans structure as an intermediate prior to the ESPT in the electronically excited state which is stabilised by solvent interactions. This finally effects a slower proton transfer on the picosecond time scale. Thus a substituent on the chromone unit as the phenyl group in 3-HF might even promote a faster ESPT since it hinders specific solute-solvent interactions enabling the pathway via the stabilised trans structure. 50, 51 Further theoretical investigations on the structure and reactivity of 3-HC are presented in ref. 32 and 52-54. In order to achieve more information on the structure and reactivity of isolated 3-HC and defined aggregates with water we present in this paper the first molecular beam investigations of 3-HC including mass selected IR spectroscopy for the electronic ground state (IR/R2PI method) and the electronically excited state (UV/IR/UV method). Both the structurally relevant regions of the OH stretching and CO stretching/OH bending modes are analyzed. Due to the discussion of overlapping isomers/species also quadruple resonance (IR/IR) methods have to be applied, 55, 56 including a new variant in order to distinguish different species in the electronic ground state. The comparison with calculated vibrational frequencies of different (TD)-DFT optimised structures allows structural assignments. Those techniques/approaches represent ideal tools to investigate the intrinsic structural properties of cooled isolated molecules without the influence of an environment. These detailed investigations give comprehensive information on the hydrogen-bonding within the molecule (and its cluster with water) offering the possibility to perform direct comparisons with the results obtained for substituted 3-hydroxychromones like 3-HF and 2-NHC.
II Experimental set-up
A detailed description of the experimental set-up is given by former publications, cf. e.g. ref. 56 . Thus only the main aspects for understanding the measurements should be explained here. All spectra were recorded by using a vacuum apparatus basically consisting of a differentially pumped time-of-flight mass spectrometer and a pulsed valve (General Valve Iota One, 500 mm orifice) for skimmed jet expansion. The investigated 3-HC was synthesised by our group. The two-step synthesis is described in the ESI. † The sample was heated for the jet expansion to 130 1C and helium and neon were used as carrier gases (1800 mbar). The measurements presented in this paper refer to helium expansion conditions. The results obtained for neon expansion support our assignment but they yield no new results regarding the interpretation. All aspects concerning the neon expansion experiments are given in the ESI. † To perform the quadruple resonance techniques (IR/IR/R2PI and IR/UV/IR/UV, details cf. ref. 56 ) four independent laser systems are required. The two UV wavelengths for excitation and ionisation were generated by two frequency-doubled dye lasers (Sirah Cobra Stretch and Sirah Precision Scan); the FWHM of the UV system is about 6 ns. The two independent IR laser systems 57 . The time delay of the two UV lasers was optimised to 6.8 ns since this yielded the maximum ion signal, the best two-colour effect and a sufficient delay to insert the IR laser for all measurements in the electronically excited state. To measure the IR spectra of the electronic ground state the IR laser was fired 50 ns prior to the UV excitation laser. For the UV/IR/UV spectra the IR laser was fired 4 ns after the UV excitation laser. In the case of the IR/IR/R2PI measurements the first fixed IR burn laser was fired 100 ns before the UV excitation. The second, scanned IR laser followed the IR burn laser after 50 ns. For the IR/UV/IR/UV spectra the delay of the fixed IR burn laser was set to a delay time of 50 ns prior to the UV excitation laser whereas the scanned IR laser was delayed to fire 4 ns after the UV excitation laser.
III Theory
The structures of the 3-hydroxychromone monomer (cf. Fig. 1 ) in the electronic ground state and the first electronically excited state were determined by geometry optimisation at the DFT and TD-DFT levels of theory using Gaussian09. 58 The B3LYP functional as implemented in Gaussian09 and the TZVP basis set were chosen. The SCF convergence and geometry convergence thresholds were set to the ''tight'' criterion. All energies were corrected for harmonic vibrational zero-point energies. The calculated vibrational frequencies for the structures presented here were real, indicating minima on the potential energy surface. To take anharmonic effects into account the calculated vibrational frequencies were scaled with the factor of 0.99 for the CO region and 0.9613 for the OH stretching region.
29,30
The calculated cis structure in the electronic ground state (S 0 ) with a stabilising intramolecular hydrogen bond between the carbonyl and hydroxyl functionalities is the most stable isomer (cf. Fig. 1a ). The corresponding trans structure (S 0,t , cf. ) less stable. In the electronically excited state, the relationship changes. Here the proton-transferred tautomeric structure (S 1 0 ) represents the minimum structure whereas the non-tautomeric cis (S 1 ) and trans structures (S 1,t ) are, respectively, 4050 cm À1 (49 kJ mol À1 ) and 4339 cm À1 (52 kJ mol À1 ) higher in relative energy.
The most important geometry parameters for the different 3-HC structures for both electronic states are listed in Table 1 . The most important aspects regarding the calculated geometries are: (a) all structures are planar in the electronic ground and excited state and (b) the proton transfer can be followed by changing the r O2-H3 and r H3-O4 distances. The vertical electronic excitation of the cis structure S 0 to the electronically excited state S 1 effects an elongation of r O2-H3 and a shortening of r H3-O4 distances, which finally ends up in the proton-transferred (tautomeric) form S 1 0 . It is just the other way around for going from the S 1 0 to the S 0 0 state structure. In the back proton transfer the hydrogen bond between O2-H3 is reconverted to a covalent bond whereas for H3-O4 it is elongated to a hydrogen bond.
Since the IR/R2PI spectrum of the 3-HC monomer showed vibrations which were suspected to arise from a UV generated fragmentation of hydrates (details: cf. Results and discussion) the possible structures for clusters with one and two water molecules were calculated for the electronic ground state. For the most stable monohydrate the water molecule is inserted between the carbonyl and hydroxyl groups of the chromone unit (A in Fig. 2 ). In the second-most stable isomer, which is about 840 cm À1 (10 kJ mol À1 ) less stable, the water molecule is merely hydrogen-bonded to the CO group (B in Fig. 2 ). In the case of the A trans structure (3107 cm À1 , 37 kJ mol À1 less stable, cf. Fig. 2 ) water is hydrogenbonded to the trans structure of the monomer. Additionally, further arrangements with water attached to the trans structure and the tautomeric form of the monomer were calculated (cf. The most important geometry parameters for the monohydrate isomers derived from calculations for both the electronic ground and excited state are listed in Tables S1 and S2, ESI. † Additionally structures of clusters with two water molecules and the corresponding most important geometry parameters are given in Fig. S5 and Table S3 of the ESI. †
IV Results and discussion
A mass selective two-colour R2PI spectrum of 3-HC has been recorded in the range of 30 210-31 600 cm À1 (cf. Fig. 3) . A one-colour R2PI spectrum could not be obtained since in this region of possible excitations the energy of two UV photons of the excitation laser does not exceed the ionisation potential. clusters with water could be observed if helium is used as a carrier gas. This result was independent of the chosen excitation and ionisation wavelengths. The combined IR/UV investigations given in the next sections will show if no clusters are formed or if they fragment after electronic excitation. The IR/R2PI spectra in the spectral region of both the OH stretching vibrations as well as the carbonyl stretching and OH bending modes obtained via the mass trace of 3-HC are depicted in Fig. 4 ; the spectra are identical for the different possible UV excitation wavelengths indicated in the R2PI spectrum. In the OH stretching region four transitions at 3268, 3410, 3461 and 3715 cm À1 are observed. The small shoulder at about 3300 cm
À1
of the transition at 3268 cm À1 may be attributed to an overtone of the strong experimental transition at 1651 cm
. However, in the spectral region of the OH stretching modes only one transition of the hydroxyl group of 3-HC is expected. Especially the transition at 3715 cm
, which typically belongs to a free OH stretching mode of a water molecule with one non-hydrogenbonded OH group, is a clear indication that not only pure 3-HC but also cluster(s) of water are indirectly investigated -although no mass signals of hydrates could be observed. The fact that IR bands of hydrates can be recorded in the IR/R2PI spectrum via the monomer ion signal is due to a UV generated fragmentation of the cluster(s) (detailed explanations for this frequently occurring behavior are given in the ESI †). These investigations already have shown the important conclusion that in contrast to previous assumptions derived from pure fluorescence spectra (cf. ref. 28 and 49) clusters with water are formed.
In order to explain the presence of clusters with water in the IR spectra of 3-HC and to get a further assignment, the IR spectra are first compared with the values calculated for the different possible structures of pure 3-HC (cf. Fig. 1 ). In Fig. 4 the calculated IR spectra based on the harmonic approach are shown. Obviously the most stable cis structure (Fig. 1a) fits best to the experimental spectrum both in the region of OH bending and carbonyl stretching modes as well as in the OH stretching region. The OH stretching modes calculated for the trans and tautomeric structures are either too low or too high in energy with respect to the experimentally observed possible OH stretching transitions between 3268 and 3461 cm À1 (cf. Table 2 ).
According to the harmonic calculations the transition at 3461 cm À1 seems to fit best but it is known from 3-HF that anharmonic effects can lead to a significant reduction of this value.
In the case of 3-HF the experimentally observed OH stretching frequency is 3276 cm À1 which is closer to the transition at 3268 cm À1 of 3-HC. In order to yield an assignment, different experimental strategies have been chosen. In one attempt IR/R2PI spectra were recorded in a way that the IR laser was fixed on the different transitions of the IR spectrum and the UV laser is scanned in the region of the R2PI spectrum (cf. Fig. 5 ). If the IR photon excites 3-HC other R2PI transitions should be influenced (depleted) than for the case that hydrates are vibrationally excited. The spectra obtained via the transitions at 3268, 3410 and 3461 cm À1 show that all UV transitions of the original R2PI spectrum are affected in the same way, i.e. as far as pure 3-HC and clusters with water are observed all species have very similar UV spectra so that the UV excitation is not isomer and species selective in this case. If no isomer or species selectivity is given by the UV excitation, the application of an IR/IR/R2PI experiment 55, 56 may retain the isomer/species selectivity. In this case the excitation of one isomer/species with a frequency-fixed IR burn laser has an effect on all IR transitions that belong to the same isomer/species in the subsequently measured IR/R2PI spectrum. It should be mentioned that in this application the IR/IR spectra of clusters are measured on the monomer mass trace. This complication can avoid any quantitative analysis, i.e. only a qualitative correlation between peaks that belong together can be given.
For the 3-HC investigations the burn laser was set to one of the four transitions at 3268, 3410, 3461 or 3715 cm À1 (cf. Fig. 6 ).
Unfortunately, the spectra show (like in the spectra of Fig. 5 ) that all transitions influence one other. Especially the excitation of the ''water'' characteristic band at 3715 cm À1 seems to correlate with all other transitions, i.e. all vibrations should be associated with clusters. On the other hand it cannot be excluded that one of the transitions is an overlap of a vibration belonging to pure 3-HC and a cluster with water. The IR/IR method can only be species selective if at least one IR transition exclusively belongs to the monomer. Thus, on the basis of the IR/IR/R2PI experiments a final assignment for the vibration in the S 0 state cannot be given, but further information can be obtained from the investigation of the electronically excited state and on the basis of these results we can draw further conclusions for the interpretation of the electronic ground state IR spectra. The electronically excited state is analysed by applying the UV/IR/UV method both in the region of the OH stretching modes and the region of the carbonyl stretching and OH bending vibrations (cf. Fig. 7 ). In the region of the OH stretching vibrations only one transition at 3401 cm À1 is observed which could be a hint that only the monomer species (with one OH stretching frequency) is measured in the electronically excited state. (e.g. in the case of the monohydrated cluster three transitions in the photon. The IR/R2PI spectra are given in grey and the corresponding R2PI spectra are given in black. range from 2700 to 3800 cm À1 should be observed, cf. calculated spectra in Fig. S4 . Compared to the OH stretching modes the absolute values of the calculated frequencies are higher due to their anharmonicities. According to the calculations performed in this spectral region for the cis and trans arrangements, both structures do not fit with respect to their peak positions and expected intensities (cf. Fig. 7) . Thus an unambiguous assignment of the tautomeric form in the excited state (S 1 0 ) is obtained so that similar to 3-HF and 2-NHC an excited state proton transfer could also be proven for isolated 3-HC.
As mentioned before, the most striking observation is that (in contrast to the electronic ground state) no vibrations of clusters with water are observed in the IR spectrum of the electronically excited state via the 3-HC mass trace. This is a clear indication that the clusters with water fragment after UV excitation. If the hydrates fragmented during the ionisation process, additional hydrate bands should also be visible in the UV/IR/UV spectrum via the 3-HC mass trace. Since a complete fragmentation of the cluster may be less probable it can furthermore be assumed that the electronically excited state of the clusters does not live long enough for ionisation with a ns laser after electronic excitation (cf. e.g. ref. 59 and 60) . It could be assumed that the broad background of the R2PI spectrum (cf. Fig. 3 ) with a width of several hundreds of wavenumbers may be correlated to the clusters with short lifetimes in the fs regime. Due to (a) the form of the R2PI spectrum (increasing signal), (b) the fragmentation of the hydrates and (c) the resulting overlap of 3-HC and hydrate peaks a fitting of individual peaks with Lorentzian line shapes (like in ref . 61) is not unambiguous. Nevertheless, the width of possible peaks between 20 and a few hundred wavenumbers indicate the presence of short-lived species.
As a further consequence of a short excited state lifetime the monomer and the hydrates cannot be discriminated by their ionisation potential as in the case of 3-HF. 29, 30 This was decisively useful to determine the 3-HF monomer band and discriminate it from the spectra of the cluster species which can also be observed on the mass traces of the clusters. From the UV/IR/UV spectrum of 3-HC the formation of the tautomeric structure in the electronically excited state (S 1 0 ) can be derived but according to our investigations with respect to the S 0 state the question remains if (a) no monomer is observed in the S 0 state, i.e. all transitions arise from clusters with water which fragment in the S 1 state or if (b) a monomer transition overlaps with one of the IR transitions arising from a hydrate. In the case of the dihydrated 3-HF cluster we introduced a new quadruple resonance technique (the IR/UV/IR/UV method 56 ) in order to distinguish two different isomers within the electronically excited state if the UV excitation is not isomer selective.
In the inset of Fig. 8 the method is shown schematically:
The first IR laser depletes one isomer in the electronic ground state, thus (almost) only the second isomer is observed in the IR spectrum of the electronically excited state.
In the case of 3-HC the IR/UV/IR/UV technique could be ideally suited to distinguish different species like the monomer and hydrates in the electronic ground state which have the same UV excitation energy and lead to the same species (monomer of 3-HC) in the excited state. This could work in the following way: the frequency-fixed IR burn laser (first IR laser) is set to a vibrational transition of the S 0 state and a UV/IR/UV spectrum . The detailed theoretical analysis to describe the proton transfer coordinate performed on 1D, 2D and 3D potentials is given in another publication. 62 After assigning the transition at 3461 cm À1 to the OH stretching mode of the monomer, the transitions at 3715, 3410, 3268 cm
and again the overlapping mode at 3461 cm À1 still belong to clusters with water. Thus we compared the spectroscopically obtained results with calculations performed for clusters with one water molecule (cf. Fig. 9 ). The comparison of the calculated stick spectra of 3-HC(H 2 O) 1 with the experimentally observed IR transitions on the monomer mass show a very good agreement with transitions calculated for the two most stable forms of the monohydrated cluster (A and B). The general assignment is in agreement with the discussion on the monohydrated cluster of 3-HF for which also an overlap of the two most stable arrangements is discussed. 29 Therefore all transitions in the IR/R2PI spectrum of 3-HC could be assigned, resulting from the monomer as well as from fragmenting monohydrated clusters.
(For further description of the vibrations, cf. Table S4 , ESI †. In the case of Ne expansion larger clusters can be formed but these do not lead to the vibrational transitions observed on the monomer trace. For further information, cf. ESI † Fig. S7 , and comments).
Finally a further interesting feature should be addressed which can be found in the IR/IR/R2PI spectrum with a burn laser at 3268 cm À1 (cf. Fig. 6a ). An additional band occurs at around 3340 cm À1 which was not recorded in the original IR/R2PI spectrum. The transition at 3268 cm À1 in the IR/R2PI spectrum is assigned to the monohydrated cluster A (cf. Fig. 9 ). One possibility could be that an excitation at 3268 cm À1 may (at least partially) lead to a structural rearrangement of the cluster. With a second IR photon which follows the first one in an IR/IR/R2PI spectrum the new structure would be analysed by a further decrease of the ion signal if an IR transition of this structure is excited. IR-induced structural reorganisations are known from population transfer spectroscopy introduced by Zwier and coworkers (e.g. ref. 63 ). In their chosen examples the population is redistributed between different isomers. In the case of 3-HC a new vibrational signature is observed which is on the blue-side of the transition at 3268 cm À1 and is therefore potentially not a hot band. Among the possible structural isomers calculated for the monohydrated cluster (cf. Fig. S3 , ESI †) the B 0 T and A trans structures exhibit one very intense transition at 3349 and 3439 cm À1 , respectively. The value of 3349 cm À1 of the B 0 T structure is in perfect agreement with the experimentally 3461 cm À1 for the first IR photon. The IR/UV/IR/UV spectra are given in grey and the corresponding UV/IR/UV spectra are given in black. Fig. 9 The upper trace schematically depicts the experimental S 0 state spectrum (cf. Fig. 4 ) via the ion signal of 3-hydroxychromone as stick spectrum, which is compared to the calculated stick spectra of different monohydrate isomers (B3LYP/TZVP, for scaling factors, see Fig. 4 .) For a better illustration the calculated intensities in the OH stretching region were doubled.
observed value, but it is questionable why the UV absorption (as observed in the R2PI spectrum after excitation of the transition at 3268 cm À1 ) of the tautomeric form does not differ from the one of the ''normal'' form. In the case of the A trans structure a one-dimensional vibrational calculation performed on the potential obtained from a step-wise elongation along the OH stretching normal mode of the 3-HC moiety yield a value of 3354 cm À1 which is also in excellent agreement with the experimentally observed value. Thus the A trans arrangement is an appropriate candidate to explain the additional transition at around 3340 cm À1 . Although this suggestion may not be taken as a final interpretation it is a very interesting effect that the formation of a new structure is induced by an IR excitation which can be probed by a successive second IR excitation in combination with a R2PI detection. These results offer the possibilities for further developments to investigate IR induced reactions which will be analysed both experimentally and theoretically in the upcoming work.
Conclusions
In this paper 3-HC a basic unit of flavonoids is investigated as an isolated species in the gas phase. In this basic system the proton transfer reaction in the electronically excited state is not influenced by side groups. Here we present the first IR/UV analysis of 3-HC in a molecular beam for both the electronic ground and excited state. In contrast to formerly investigated systems like 3-HF and 2-NHC the analysis of 3-HC was complicated by the presence of short-lived hydrates, fragmenting down onto the monomer mass trace. This leads to an overlay of the IR vibrations of 3-HC and hydrates in the IR/R2PI spectrum via the monomer mass trace. Since no mass signals of the clusters with water were observed under He expansion a direct comparison of the S 0 state IR spectra for vibrational assignments was not possible. Therefore IR fixed /R2PI and IR/IR/ R2PI spectroscopy were applied for the electronic ground state which did not allow concrete assignments but the conclusion that all S 0 state vibrations can be related to hydrates. In contrast to the electronic ground state only the protontransferred monomer species could be detected in the UV/IR/ UV spectrum, which implied that the hydrates fragment after UV excitation. The presence of only the monomer species in the electronically excited state was used for further analysis: via IR/UV/IR/UV spectroscopy the band at 3461 cm À1 in the IR/R2PI spectrum could be assigned to the hydrogen-bonded OH stretching vibration of the 3-HC monomer, which overlaps with a hydrate vibration. A comparison with 3-HF and 2-NHC showed that the frequency of the vibration was unexpectedly high at the first sight but a simple approach with a one-dimensional potential dependent on a step-wise elongation along OH stretching normal mode allowed the calculation of the OH stretching vibration which was in good agreement with the experimentally assigned value. With respect to methodical developments it should be remarked that the quadruple IR/UV/IR/UV spectroscopy was introduced to distinguish isomers in the electronically excited state.
The application of this method to 3-HC shows that this technique can also be used to distinguish species in the electronic ground state if only vibrational transitions of one species are observed in the electronically excited state. Thus the investigations on the basic system of the flavonols, 3-HC, show (in contrast to the substituted systems) a complicated spectral behavior which had to be analysed using a variety of sophisticated, high-level spectroscopic methods. In this context the quadruple IR/UV/IR/UV method was applied to discriminate different species in the electronic ground state. The combination of experiment and theory finally allowed a successful analysis of the 3-HC system which represents a fundamental prototype for an ESPT reaction.
